KEY SCIENCE GOALS AND OBJECTIVES
NANOGrav (the North American Nanohertz Observatory for Gravitational Waves) exploits the high-precision timing of an array of Galactic millisecond pulsars (MSPs) in a bid to unveil timing deviations induced by gravitational waves (GWs). A GW transiting an Earth-pulsar line of sight distorts the intervening spacetime, causing pulses to arrive before or after their expected times of arrival (TOAs). Crucially, such a GW will affect all pulsars in the Galaxy, imprinting a correlated influence on the TOAs that allows NANOGrav and other pulsar timing arrays (PTAs) to effectively synthesize a kiloparsec-scale GW detector. The imprinted correlations are quadrupolar [1] , reducing in magnitude as pulsars become more separated on the sky, then rising again at antipodal separation (see Figure 3, top panel) . No other known process produces these "Hellings & Downs" correlations; clock-standard drifts produce the same errors in all pulsars [2] , while TOA-barycentering errors produce dipolar correlations [3] .
NANOGrav now has T ∼ 15 years of high-precision data from many pulsars, with new ones being regularly added to give a current total of 77 [4] . Each pulsar is observed with the Green Bank Telescope (GBT) or Arecibo every ∆t ∼ 1 − 3 weeks with an integration time of ∼ 20 minutes to produce TOAs. We are therefore sensitive to GW frequencies in the range of ∼ 2 nHz to 1 µHz (i.e. 1/T < f < 1/2∆t). The dominant source of GWs in this range is a cosmological population of supermassive binary black holes (SMBBHs; [5] [6] [7] ) that form as a by-product of hierarchical galaxy growth, where galaxies (each with central massive black holes [8, 9] ) merge repeatedly over cosmic time to produce ever larger galaxies. As such, the mergers of massive galaxies trigger the slow pairing and merger of the massive black holes at their cores. Below, we list our key scientific objectives, followed by further discussion of these items.
NANOGrav's key objectives are to:
(O1) Detect a stochastic background of nanohertz gravitational waves; (O2) Characterize this background in terms of the demographics of the expected emitting population of SMBBHs; (O3) Detect individual SMBBHs, and perform multi-messenger follow-up with large synoptic photometric and spectroscopic surveys operational in the 2020s+; (O4) Constrain fundamental physics by probing the neutron star equation of state, cosmic strings, primordial GWs, first-order cosmological phase transitions, beyond-GR theories of gravity, and dark matter.
O1:
The first PTA detection will likely be a stochastic background of GWs emanating from the entire population of inspiraling SMBBHs. Figure 1 shows the SMBBH merger timeline, with PTAs sensitive to the early inspiral and merger memory burst of SMBBHs. Under fiducial assumptions of a circular GW-driven binary population, the characteristic strain spectrum of this stochastic GW signal follows h c (f ) ∝ f −2/3 (e.g. [5] ). The resulting timing deviations, δt, are therefore predominantly low-frequency, with a power spectrum S δt (f ) ∝ f −13/3 yr 3 . We have developed a sophisticated analysis pipeline that models the correlated influence of this GW background (GWB) both temporally (across years of observations) and spatially (between pulsars) to assess the evidence of this signal in our datasets, and to interpret constraints in the absence thereof [10] . Based on rigorous forecasting of pulsar noise properties, PTA expansion through future surveys, and SMBBH population properties, we expect that NANOGrav will make a robust detection (Figure 2 , left) of the stochastic GWB within the next 3 − 7 years [11] [12] [13] [14] . After detection, efforts will move towards characterization of the background, providing unique insights into galaxy growth and evolution. Right: Projected sensitivity to GWs from individual SMBBHs with fgw = 3 nHz and M = 10 9 M . The band denotes the distance out to which an individual source can be detected, depending on the source's sky location and the distribution of pulsars; the solid line shows the sky-averaged distance. Here, the number of pulsars only includes those with more than T = 10 years of observations, since MSPs are only sensitive to GWs with fgw ≥ 1/T . See discussion in Section 1.
O2:
In the immediate pre-detection and post-detection era, NANOGrav will constrain, then measure, the spectral characteristics of this GWB. While fiducial assumptions give the power-law strain signal mentioned above, the true spectrum will likely turn over at lower frequencies (i.e. larger orbital separations) due to SMBBHs remaining dynamically coupled to their ambient galactic environments (e.g. binary-star scattering events, circumbinary disk coupling) (e.g. [15, 17] ). The slope and frequency of this spectral turnover maps to the typical astrophysical conditions in galaxy cores (e.g. [18] [19] [20] ). Characterizing this low-frequency spectral behavior will allow NANOGrav to probe the finalparsec dynamical interactions of SMBBHs with their galactic environments, while the overall signal amplitude will arbitrate rate factors such as BH-host-galaxy scaling relationships [21] , dynamical friction timescales, BH occupation fractions, etc. (see NANOGrav Science White Paper by Taylor et al. [22] ).
O3: NANOGrav will individually resolve sufficiently nearby and/or massive SMBBHs against the backdrop of the full population, allowing us to localize the binary and characterize its orbital geometry. We expect to detect one or more individual SMBBH as a quasi-monochromatic GW signal by 2030 [12, 23, 24] , with redshift z 0.5, chirp mass 10 9 M < M < 10 10 M [12] , and sky localization ∆Ω ∼ 10 2 − 10 3 deg 2 [25, 26] (Figure 2 , right). Individual SMBBH GW searches will be cross-validated with near-future EM surveys that can register photometric (e.g. LSST) and spectroscopic (e.g. SDSS-V) signatures of binary AGN (see e.g. [27] and references therein), allowing for a complete multi-messenger portrait of merging supermassive black holes (see NANOGrav Science White Paper by Kelley et al. [28] ). Indeed, while PTAs are insensitive to the high-frequency oscillatory component of the final SMBBH merger, GR predicts a constant metric offset caused at the time of the merger itself that is broadband and potentially detectable by PTAs (e.g. [29] [30] [31] [32] ).
O4: Beyond binary black holes, PTAs such as NANOGrav are also sensitive to a variety of early-Universe GW sources (see e.g. [33] and references therein), such as a primordial GW background from inflation, cosmic string networks formed during phase transitions, and collisions of vacuum bubbles formed during a cosmological first-order phase transition (e.g. the QCD transition). Additionally, the many Earth-pulsar lines-of-sight constituting a PTA offer a way to test modified theories of gravity through GW polarization states beyond the usual + and × (e.g. [34] [35] [36] [37] ). Likewise, PTAs generate a high output of synergistic science that is not directly related to GWs, including studies of the extreme physics of neutron stars and the nuclear equation of state (see NANOGrav Science White Paper by Fonseca et al. [38] ), characterization of the ionized interstellar medium (see NANOGrav Science White Paper by Stinebring et al. [39] ), constraints on cold dark matter sub-structure (e.g. [40, 41] ), and even constraints on an ultra-light scalar field component of the Milky Way dark matter halo [42] (see NANOGrav Science White Paper by Siemens et al. [33] ).
TECHNICAL OVERVIEW
Precision pulsar timing involves modeling observed arrival times over time spans of years and seeking departures from predicted arrival times to measure orbital motions (including general relativistic corrections), determine masses of neutron stars and their companions and, of course, to detect GWs. The successes of pulsar timing are built on an empirical foundation of pulsar phenomenology:
1. The high rotational stability of pulsars allows prediction of individual pulse arrival times to microsecond precision months in advance, such that low duty-cycle monitoring (weekly to monthly) is sufficient; 2. Emitted pulses have phases locked to the spin of the neutron star, on average; 3. Average pulse shapes have stable, predictable radio frequency dependences; 4. Propagation through the interstellar medium (ISM) is largely regular and predictable according to the cold plasma dispersion law.
NANOGrav (and other PTA groups around the world) use MSPs for GW detection because they are the most spinstable neutron stars, and because their few-millisecond spin periods allow the most pulses to be averaged in a telescope hour; this pulse-averaging increases the signal-to-noise ratio (S/N) and reduces pulse phase jitter intrinsic to the emission process. We choose MSPs with the best timing precision: those that are bright, have the narrowest pulse features, and have minimal noise in their spin rates. Best practices in pulsar timing exploit all of these features to provide RMS timing precision better than 100 ns in some cases.
Pulsar Timing
NANOGrav's science program has the following requirements for GW detection with precision pulsar timing (see Science White Paper by Cordes & McLaughlin [43] ):
A large number of MSPs to average out astrophysical noise peculiar to each pulsar (spin noise and pulse-phase jitter) and each line of sight (interstellar variance from stochastic dispersion and scattering). NANOGrav's current 77-MSP program provides important constraints on SMBBH inspiral astrophysics and important results in synergistic science. The goal is to time 200 MSPs by the mid-2020s to increase sensitivity to all nanohertz GW signal types; modeling of the Galactic MSP population predicts this number of high-quality MSPs will likely be accessible to future telescopes. Our ongoing and new pulsar surveys, planned instrumentation upgrades, and new partnerships will yield this increase.
A uniform sky distribution of MSPs to sample the quadrupolar response to GWs and to allow detection of anisotropies in the stochastic GW background [44, 45] . NANOGrav's current sky distribution of MSPs is highly non-uniform (see current status in Section 4), with concentrations and voids in the North and a complete lack of coverage in the far South. Pulsar surveys (including ongoing searches in currently low-MSP-density sky regions) and new partnerships, from now through the mid-2020s, aim to fill these voids, leading to more robust sensitivity to the quadrupolar signature.
Large collecting area telescopes: Pulsar timing requires the largest available (and planned) ∼GHz-frequency radio collecting areas to provide the highest signal-to-noise and thus smallest time-of-arrival errors. Arecibo and the GBT are currently the best telescopes for PTA work; it is crucial that NANOGrav maintain access to both through the 2020s. The FAST telescope in China will contribute on some objects but is unlikely to provide sufficient cadence on enough pulsars. The planned Deep Synoptic Array with 2000 elements (DSA-2000) is designed to be an excellent pulsar-timing instrument as well as a radio transients instrument. The proposed Next Generation Very Large Array (ngVLA) will have pulsar timing capabilities and provide complementary coverage of higher radio frequencies.
A minimum integration time per epoch to average 10 5 -10 6 single pulses needed for convergence to the template pulse profile used in matched filtering estimation of arrival times. Typically about one hour per epoch per MSP is split between two observing bands. Integration times will be doubled by the imminent development of "ultra-wideband" (UWB) feed-antenna/receiver systems for the GBT and Arecibo. Telescopes that may come online in the 2020s will also provide wideband capabilities.
Observing cadence of tens of epochs per year for adequately modeling astrometric parameters and tracking timevariable interstellar delays (see NANOGrav Science White Papers by Lynch et al. [46] and Stinebring et al. [39] ). The current cadence is three to four weeks on most MSPs and one week on a few objects to increase CW sensitivity and allow better mitigation of interstellar effects. The goal is a one-week cadence on most MSPs by the second half of the 2020s.
Timing continuity is crucial to GW detection because GW signals and some types of TOA noise are time-correlated. Gaps in the timing program longer than about a month must be avoided, either in the availability of a telescope or for a particular instrument. New instruments on a telescope need to be used in parallel with previous generation instruments to calibrate timing offsets at the sub-100 ns level.
Broad radio frequency (RF) coverage (∼0.4 to 3 GHz) to disentangle and mitigate interstellar delays and intrinsic RF dependence of pulse shapes, and to increase pulse signal-to-noise ratios. Most current receiver systems are limited to octave bandwidths (e.g., 2:1 frequency ratio) so two RF bands are currently used (∼100-MHz bandwidth for RF < 1 GHz and ∼800-MHz bandwidth at higher frequencies) in separate observations. New UWB feeds under development at Arecibo and the GBT covering ∼0.7-3 GHz will improve the instantaneous bandwidth and require only a single observation per epoch. The recently-completed CHIME telescope complements these with lower-frequency coverage (0.4-0.8 GHz). Future telescopes (e.g. DSA-2000 and the ngVLA) also will provide UWB TOAs. Some of the new MSPs will require timing at high frequencies to combat larger interstellar noise expected from their higher dispersion measures (i.e. at large distances or deeper in the Galactic plane).
Mitigation of RF interference (RFI): Narrowband, impulsive, and swept frequency RFI is excised as part of the NANOGrav processing pipeline. However, the numbers of transmitters and RFI signal types are growing. NANOGrav works with Arecibo and GBT staff to mitigate RFI in receiver systems and negotiate with transmitting entities, where possible, for radio quiet times. RFI mitigation in the data pipeline requires continuous attention and appropriate code development.
Accurate solar-system ephemeris to reference arrival times to the solar system barycenter. Current JPL ephemerides are accurate to about 50 ns over a ten-year period and show differences related to Jupiter's orbital period. Additional spacecraft flybys of the gaseous planets combined with longer pulsar timing data spans will improve the ephemeris.
Detection of any type of nanohertz GW signal is improved with increases in telescope sensitivity, integration time per epoch, frequency coverage, and cadence. Different GW signals emphasize the importance of specific aspects of the above requirements. Detection of the stochastic background, for example, is strongly dependent on the number of MSPs and their sky distribution [11] while single-source detections (CW and burst signals) also favor the lowest RMS errors in arrival times [47, 48] .
GW Detection Methodology
The key to detecting GWs with PTAs is to calculate residuals, the differences between measured and model TOAs, and identify a signal that is common across many different pulsars and consistent with the properties of GWs. To do so involves careful modeling of deterministic contributions to arrival times (spin, orbital, astrometric, and propagation terms) and of stochastic astrophysical and instrumental delays, and removal of systematic errors. Stochastic noise includes white noise contributions from pulse jitter, interstellar scintillation, and measurement errors while steepspectrum red noise (f −2 to f −6 ) is from neutron star spin fluctuations and from propagation through interstellar turbulence. In NANOGrav's GW analysis pipeline, we model the residuals of each pulsar with white and red noise combined with the GW signal. The GWB signal is a red-noise process that differs spectrally from astrophysical red noise and is common to all of the pulsars. A powerful tool for identifying GWs is the two-point cross correlation of the residuals between pulsar pairs, the Hellings-Downs (HD) correlation [1] . Figure 3 shows the HD curve (top) and the number of pulsar pairs vs. angular separation for NANOGrav's current PTA and the proposed PTA for the 2020s (bottom). The HD curve reflects the quadrupolar nature of GWs that differs from systematic clock and ephemeris errors, which also affect multiple pulsars but have monopolar and dipolar spatial correlations, respectively [49] .
A similar approach is taken for GWs from single sources that can be detected either as continuous wave (CW) signals or as bursts. Detection of all three kinds of GWs benefits from longer PTA data spans through standard noise averaging. However, 'memory' bursts and the GWB particularly benefit because their signal strengths grow with data span length as T and T 5/3 , respectively.
We use a combination of Bayesian and frequentist detection methods to search for both stochastic and deterministic signals. For the GWB, we perform Bayesian searches for common red noise with and without quadrupolar spatial correlations and compare the Bayes factors. We also use a frequentist estimator for the strength of the GWB that fits the cross-correlation to the Hellings-Downs curve [50] [51] [52] . To address various issues, we have also developed a hybrid Bayesian-frequentist detection statistic [53] .
Our most recent constraints on the GWB come from our 11-year data set [10] . Figure 4 shows that our upper limit is now constraining models for the GWB involving the cosmic population of SMBBHs. The same data set has been used to constrain CW [54] and burst signals (Aggarwal et al., in prep). In the future our goal is to exploit both the Earth terms and the pulsar terms that arise from GWs passing both ends of each line of sight. This requires pulsar distance determinations to within a GW wavelength (λ gw = 0.1 − 10 pc) to allow correction for the light travel time between the pulsars and the Earth. More precise pulsar distances deriving from parallax measurements through timing or radio interferometry are needed to achieve this accuracy [55] [56] [57] .
We expect to detect the GWB within the next several years [58] (see Section 5 for our planned science schedule). By characterizing the properties of the GWB, we will study the population of SMBBHs which make up the background and the properties of their host galaxies. We have already placed limits on astrophysical models using our upper limits on the GWB. We expect to detect individual SMBBHs in the next 10 to 15 years [12, 23, 24] . With 200 MSPs in the array, we expect to be sensitive to individual sources with chirp masses of 10 9 M out to 800 -1600 Mpc, depending on the sky location of the source and positions of the MSPs (see Figure 2 , right panel).
Noise modeling: NANOGrav and our IPTA partners have developed sophisticated noise models as input to GW detection pipelines [59] [60] [61] [62] [63] [64] . These take into account pulsar-intrinsic effects, including the motions of emission regions in pulsar magnetospheres that produce pulse jitter and subtle spin variations from variable torques acting on the neutron star. They also include several processes from interstellar (also interplanetary and ionospheric) propagation, that produce variable delays from changes in dispersion and scattering with epoch. Arrival times are obtained through standard matched filtering using time-averaged pulse profiles as templates, yielding errors due to finite signal-to- Figure 4 . Upper limits on the GW stochastic background from SMBBH at 95% confidence, as derived from the NANOGrav 11-yr data set. Results are shown assuming the power-law spectrum characteristic of SMBBHs (straight dashed line). At each frequency we show the probability density of the strain, where the solid lines mark the 2.5%, 50%, and 97.5% confidence levels, and assuming a specific value of α, the y-intercept for the black-hole-to-bulge-mass relation in galaxies [8] . See discussion in Section 2.2. noise ratios and from small changes in pulse shapes from pulse jitter and interstellar scattering. Finally, the primary systematic error due to the solar system ephemeris, discussed earlier, will improve significantly with time.
PTA noise modeling techniques need continual development. Mitigation of noise sources requires characterization of their physical mechanisms, such as discrete small-scale structures in the ISM causing deterministic refraction events or magnetospheric/superfluid dynamics causing neutron star spin variations. Noise modeling also provides important input for inclusion of new MSPs into the PTA, which is an important part of our plan for the 2020s, in which we wish to select MSPs with narrow pulses, well-modeled lines of sight, and low levels of spin noise.
TECHNOLOGY DRIVERS
Three primary technical drivers for the NANOGrav program next decade are discussed in the following.
Growing the PTA: Realizing the GW sensitivity needed to meet NANOGrav's scientific goals requires adding new pulsars to the PTA. This can be accomplished in three ways:
• Conducting sensitive surveys for new high-precision MSPs;
• Timing known but faint MSPs with more sensitive telescopes in the future to make them viable; • Incorporating data from Southern hemisphere telescopes to increase declination coverage.
Practical wide-area surveys require the high survey speeds provided by phased array feeds (PAFs) operating at ∼1.5 GHz. The Focal L-Band Array for the GBT (FLAG) demonstrates the ability of PAFs to reach the required sensitivity. Building on the success of FLAG, the Arecibo L-band Phased-Array Camera (ALPACA) PAF and beamformer for Arecibo will be the successor to the ALFA 7-beam receiver, enabling the next generation of sensitive Arecibo surveys. A successor to FLAG that offers a wider field of view will provide crucial sky-coverage outside the declination range of Arecibo, FAST (China), and Southern hemisphere telescopes. Deep follow-up of candidate pulsars detected in other EM bands and imaging surveys is complementary to wide-area surveys, e.g. radio observations of unidentified Fermi sources. Regardless of the approach, it is crucial that we have access to sensitive radio telescopes with sufficient time to carry out these surveys.
The sensitivity of DSA-2000, ngVLA, and international telescopes such as FAST and SKA will make pulsars that are currently S/N limited viable for inclusion in PTAs as soon as these telescopes come online. MeerKAT (South Africa) and SKA in particular will also provide access to pulsars in the far South through NANOGrav's membership in the IPTA. Full-sky coverage will be especially important for single-source detection and follow-up. Ultra-wideband Instrumentation: As described in Section 2.1, wide-bandwidth observations are important for characterizing chromatic interstellar propagation delays and pulse-shape evolution and for increasing S/N. The next generation of UWB radio receivers installed on the GBT and Arecibo will offer several advantages over the current strategy of using two separate receivers:
• More precise measurement of propagation delays at each observing epoch; • A factor of two improvement in observing efficiency by using a single radio receiver;
• Better S/N achieved through wider instantaneous bandwidth.
The combined effect of these benefits can lead to a 2x improvement in TOA precision. GBO is developing a 0.7-4 GHz receiver for the GBT (partially funded by the Gordon and Betty Moore Foundation), and a similar receiver is planned for Arecibo. The basic design and associated technologies (amplifiers, cryogenics, etc.) have been successfully demonstrated in a UWB receiver deployed on the Parkes Telescope [65] . A straightforward expansion of existing digital spectrometers will provide the necessary observing modes for precision pulsar timing.
UWB receivers for GBT and Arecibo will be cryogenically cooled to achieve the best possible system noise. An important technology driver for DSA-2000 are broadband low-noise amplifiers that operate at non-cryogenic temperatures. These have the potential to achieve a total system noise competitive with cryogenic receivers while greatly reducing cost and complexity.
Data Curation and Cyber-infrastructure: As a long-term, data-dependent project, NANOGrav data and data products are securely archived and curated indefinitely, with access provided to different communities including not just those interested in GW detection and multi-messenger astrophysics (see Science White Paper by Chang et al. [66] ) but also Figure 5 . Data management and curation for the NANOGrav PTA showing the flow of data from telescopes to working groups within NANOGrav and to partners within the IPTA. Our framework can scale to much larger data volumes, especially for those predicted for future telescopes (e.g. DSA-2000, ngVLA, and international partner telescopes). Data archiving and curation occurs at two geographically distinct archives, with automated synchronization and checking of data integrity, and access to one of the archives-the master copy-is limited. This also serves our data and pipelines to the broader astronomical community. See discussion in Section 3.
those interested in pulsar/neutron-star astronomy, ISM physics, and other scientific domains which can be probed with high-precision pulsar timing. Access to the data is limited for proprietary data and made available to the wider community at proprietary period expiration.
NANOGrav currently possesses an operational cyberinfrastructure framework, shown in Figure 5 . Data flow directly from our telescopes and automatically populate our mirrored data archives. We automatically produce preliminary data products and we require that all processing from calibration of raw data to science-quality analyses must be reproducible, from calibration of raw data to the gravitational wave detection analysis. In particular, it is possible to re-run the entire pipeline on the raw data to produce the same results, and our pipeline will be distributed with all future releases of results. We also require simple creation of the correct processing environment, in our case encapsulated in a transferable format such as a software container.
The study, design, and implementation of new computational methods, including machine learning methods for pulsar survey analysis, is an important component of NANOGrav's ongoing development. Cyberinfrastructure support is essential for integrating new developments and technical approaches into the NANOGrav pipelines through testing, continuous integration, and tracking the provenance of the resulting data products.
NANOGrav's outreach includes workshops and demonstrations to illustrate NANOGrav science in its computational context, such as through Jupyter Notebooks. These notebooks access NANOGrav data in its entirety, subject to user permissions, including requesting data matching particular criteria. Management of the outreach computational platform will scale to using cloud resources for times of heavy demand from students and scientists.
ORGANIZATION, PARTNERSHIPS, AND CURRENT STATUS
Organization: NANOGrav is a mature and growing scientific collaboration with stable organizational structures and policies and effective shared management responsibilities (see the various sections of our website at nanograv.org). NANOGrav's day-to-day operations and research activities are accomplished via eight different working groups, and coordination and management of the collaboration is the responsibility of an elected Management Team, which includes the NANOGrav Chair and the Co-Directors of the NANOGrav Physics Frontiers Center (PFC). The NANOGrav PFC, currently in its fifth year, is a distributed center funded primarily through NSF Physics, with additional funding from NSF Astronomy (through the MSIP program). The Management Team is advised by an external Advisory Board which meets at least twice a year.
Partnerships: Additional funding for NANOGrav work comes from individual PI grants and multiple prize postdoctoral fellowships, as well as from the Gordon and Betty Moore Foundation (for ultra-wideband receiver development) and Amazon Web Services (to provide high-performance computing for GW detection efforts). NANOGrav is one of the three primary consortium members of the International Pulsar Timing Array (IPTA), and has partnerships in various ways with the Arecibo Observatory, the GBO, the NRAO, and the CHIME/Pulsar collaboration (Canada). The IPTA is currently expanding, bringing new partnerships with India, South Africa, and China, and the future will bring additional partnerships with the SKA and its member countries, hopefully as part of a global Radio Alliance, allowing US access to the SKA and other international radio facilities.
Current Status: NANOGrav currently has over 50 Full members and 60 Associate members from ∼50 different institutions (undergraduate students not included). Roughly 60 of those members are graduate students or postdocs, and ∼100 undergraduate students are also directly involved in NANOGrav research and observations. We currently use ∼500 hours/year on the GBT, ∼750 hours/year on Arecibo, with a smaller test observing program underway with the VLA, to time a total of 77 pulsars (see Figure 6 below), and a new daily-cadence program of our Northern pulsars with CHIME. The GBT observations are allocated both through the open-skies program and sponsored time funded by the PFC. An additional several hundred hours per year are used for pulsar surveys critical for growing the array. These include the wide-area GBNCC survey at GBT, the PALFA survey at Arecibo, and radio follow-up of Fermi sources. Training: With a very large fraction of our collaboration comprised of junior members, from undergraduates to postdoctoral researchers, scientific education and training are major components of NANOGrav's operations. Our semi-annual collaboration meetings always feature a student-specific workshop with training in data science as well astrophysics and basic physics, and the annual IPTA meetings, which NANOGrav helps to sponsor, have a student week with similar activities. Within the collaboration, we have a mentoring program to aid in the career development of our junior members, and undergraduates are involved in a wide variety of activities, such as observing with the GBT and Arecibo and searching for MSPs. These activities are both rewarding for the students and critically important components of NANOGrav research.
Outreach: NANOGrav's research and training efforts are closely coupled to outreach activities that reach students at the K-12 level and the general public. NANOGrav undergraduate students present SPOT (Space Public Outreach Team) talks at elementary, middle, and high school throughout the US. NANOGrav personnel also participate in the Pulsar Search Collaboratory program, which involves middle and high-school students throughout the state in searches for pulsars using the GBT. NANOGrav also participates in frequent outreach events and members are encouraged to give public lectures. The NANOGrav website also hosts an outreach page with materials for students and the general public. NANOGrav's education and outreach activities are presented in more detail in a State of the Profession White Paper entitled "NANOGrav Education and Outreach: Growing a Diverse and Inclusive Collaboration for LowFrequency Gravitational Wave Astronomy".
SCHEDULE
The timeline for telescope usage and broad science deliverables is shown in Figure 7 , and will be discussed in more detail in the following two subsections.
Schedule for Science Deliverables
Assuming continued access to the GBT and Arecibo at our requested levels (see next section for more details), our projected high-level science deliverables are:
1. Detect a stochastic background of nanohertz GWs within the next 3−7 years. 2. Characterize the background in astrophysical terms based on the expected population of SMBBHs within 2−3 years of detection. 3. Make the first detection of a SMBBH continuous-wave GW system by the end of the decade. 4. Detect continuous-wave SMBBHs via multi-wavelength follow-up by mid-2030s (and potentially much sooner). 5. Constrain fundamental physics of cosmology, gravity, and neutron stars, as well as galactic and extra-galactic astrophysics throughout the decade (i.e. the synergistic science produced by pulsar timing, in general).
Schedule for Data Collection -Telescope Usage Plan
The plan for the next decade is divided into two parts.
-2026:
NANOGrav's observational program comprises a sustained timing program with regular cadence on a growing number of MSPs that results from a coordinated set of pulsar surveys. During this period we will detect the stochastic background and will transition to characterizing it and detecting individual GW sources.
In the first half of the decade, MSPs will be timed using the current slate of telescopes (Arecibo, GBT, and the VLA) augmented with CHIME observations for better modeling of interstellar perturbations. MSPs in the far South will be timed by IPTA partners. We will also carry out an aggressive campaign to grow the sample of MSPs that we are timing.
The primary MSP search program will use the ALPACA phased-array receiver at Arecibo, now under development under an NSF/MSIP grant ($5M), with first light expected in 2022. A large-scale survey of ∼5000 deg 2 , optimized for MSP detection, will extend from 2022-2027 and is expected to discover 50 to 100 MSPs and a wide-variety of other scientifically interesting systems (e.g. fast radio bursts and relativistic binaries, including possibly a pulsar-black hole system). Many MSPs will result from continued radio follow-up of Fermi unassociated sources with the GBT and Arecibo, which have already provided dozens of MSPs for PTA use, as well as from surveys with the LOFAR (Europe) and MeerKAT telescopes whose outcomes will be shared via the IPTA. Not all MSPs are suitable for GW detection purposes, so pilot observations will be made on each MSP for quality assessment. The goal is to have a sample that approaches 200 MSPs by roughly the middle the decade.
-2030:
NANOGrav's observational program in the latter half of the decade is to time ∼200 MSPs in order to better constrain the stochastic GW background and to detect the first individual GW SMBBH sources. New telescopes, combined with continued GBT and Arecibo observations, will provide the necessary sensitivity and throughput to achieve our goals. The first is the Deep Synoptic Array (DSA-2000) being proposed to Astro2020 as a multi-purpose telescope with a significant pulsar timing component. DSA-2000 will provide Arecibo-class sensitivity with 70% sky coverage and the current agreement is for NANOGrav to use ∼1750 hr/year (25% of the on-sky time) beginning in ∼2026. The other large facility is the Next Generation VLA (ngVLA), which could have first light with 100 m-class sensitivity by ∼2027-2028. NANOGrav intends to transition from the current VLA to ngVLA during this time period and grow its usage as ngVLA adds more collecting area -particularly for faint and/or distant pulsars. During this period, Phase 1 of the Square Kilometer Array (SKA) should also commence operations, substantially improving the timing precision of Southern pulsars with its Arecibo-class sensitivity. However, we expect the telescope to be heavily oversubscribed so that high cadence observations will possible on only a relatively small number of objects, using hundreds of hours per year (similar to the ngVLA).
Beyond 2030: NANOGrav's goal is sustained timing of NANOGrav and IPTA MSPs to provide very high sensitivity to multiple individual GW sources by 2035.
Ideally GBT and Arecibo observations will continue, and as ngVLA sensitivity increases, usage of the VLA will cease. The ngVLA is planned to be operating at full sensitivity by 2034, and it will provide higher radio frequency capabilities that will be crucial for good MSPs with large dispersion measures. The DSA-2000 will provide the bulk of NANOGrav's timing (in terms of total hours), and will be supplemented by high sensitivity IPTA telescopes, such as MeerKAT, FAST, and SKA1. In the absence of the ngVLA or DSA-2000, continued access to the GBT and Arecibo is critical for U.S. pulsar and nanohertz GW science.
COST ESTIMATES
The costs of the NANOGrav program over the next decade are outlined in Table 1 . These costs represent the full costs of our program and would almost certainly be funded through multiple sources. Telescope construction costs are detailed in the APC White Paper The DSA-2000 -A Radio Survey Camera (Contacts: G. Hallinan and V. Ravi). We assume that our personnel needs will be similar to those now, a reasonable assumption given increasingly greater automation in the future. These personnel will likely be supported through a combination of funding sources. The telescope usage profile outlined in Figure 7 requires roughly 1500 hrs/yr of observations with the GBT and Arecibo for 10 years and roughly 1500 hrs/yr of observations with DSA-2000 for four years, with the remainder relying on other telescopes. The estimates in Table 1 assume $2k/hr operating costs for GBT and Arecibo and $1k/hr operating costs for DSA-2000. We anticipate some, and perhaps even the majority, of these needs to be met through open skies time funded through the NSF AST facilities budget. Our optimal program also requires sophisticated instrumentation, in the form of wideband receivers (in the 0.7-3 GHz range) and backends for Arecibo and DSA-2000, which will likely be funded through a combination of NSF and private foundations. It is also critical that we continue our education and public outreach activities and provide for both domestic and international meetings. Finally, a sophisticated cyberinfrastructure effort underpins the entire research and education program presented here.
Telescope Construction (for DSA-2000 or equivalent large-number small-diameter array) $100M Personnel (assuming 20 senior personnel, 10 postdocs, 20 graduate students, and 50 undergraduate students) $60M Telescope Usage (assuming usage projected in Figure 7 and $2k/hr Arecibo/GBT cost and $1k/hr DSA-2000 cost) $36M Instrumentation (wideband receivers for Arecibo and DSA-2000 and accompanying backends) $10M Education and Outreach (SPOT and PSC programs, outreach materials, web resources, student workshops) $5M Participation Costs (travel, domestic and international collaboration meetings) $5M Cyberinfrastructure (data storage and serving, computational resources) $2M Total $218M 
